Abstract. The loss of contact inhibition is a hallmark of a wide range of human cancer cells. Yet, the precise mechanism behind this process is not fully understood. c-Myc plays a pivotal role in carcinogenesis, but its involvement in regulating contact inhibition has not been explored to date. Here, we report that c-Myc plays an important role in abrogating contact inhibition in human cholangiocarcinoma (CCA) cells. Our data show that the protein level of c-Myc obviously decreased in contact-inhibited normal biliary epithelial cells. However, CCA cells sustain high protein levels of c-Myc and keep strong proliferation ability in confluent conditions. Importantly, the suppression of c-Myc by inhibitor or siRNA induced G0/G1 phase cell cycle arrest in confluent CCA cells. We demonstrate that the inhibition of c-Myc suppressed the activity of mammalian target of rapamycin (mTOR) in confluent CCA cells, and mTOR inhibition induced G0/G1 phase cell cycle arrest in confluent CCA cells. In confluent CCA cells, the activity of Merlin is downregulated, and Yes-associated protein (YAP) sustains high levels of activity. Furthermore, YAP inhibition not only induced G0/G1 phase cell cycle arrest, but also decreased c-Myc expression in confluent CCA cells. These results indicate that Merlin/YAP/c-Myc/mTOR signaling axis promotes human CCA cell proliferation by overriding contact inhibition. We propose that overriding c-Myc-mediated contact inhibition is implicated in the development of CCA.
Introduction
Cell contact inhibition is a critical property of normal cells to stop cell proliferation upon reaching confluence (1) . In vitro, non-transformed cells are arrested in G0/G1 phase at high density to form a confluent monolayer. In vivo, contact inhibition keeps homeostasis of cell number and thus maintains normal tissue architecture and the organ size (2) . In contrast to normal cells, cancer cells usually exhibit a loss of growth control and escape contact inhibition, enabling them to replicate limitlessly (3, 4) . There are numbers of oncogenes and tumor suppressor genes reported to regulate contact inhibition, but the precise mechanisms behind the loss of cell contact inhibition of cancer cells remain largely unknown.
The c-myc proto-oncogene encodes a ubiquitously expressed transcription factor which plays a central role in cell growth and proliferation regulating (5) . It has been reported that c-Myc is deregulated in nearly half of human tumors, such as hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA) (6) (7) (8) . c-Myc contains a basic region and a helix-loop-helix/leucine zipper (HLH/LZ) domain. Through the HLH/LZ domain, c-Myc heterodimerizes with another transcription factor Max (9, 10) . The c-Myc/Max complex activates the expression of target genes through binding enhancer box sequences (E-boxes) and recruiting histone acetyltransferases (HATs) (11) . c-Myc is induced rapidly when cells transit from quiescent to proliferative state, and the induction of c-Myc is required for cell growth and proliferation (12, 13) . It has been reported that forced overexpression of c-Myc can induce cell cycle re-entry in quiescent cells, and the inhibition of c-Myc can lead to the suppression of cell cycle (14, 15) .
CCA is a highly malignant tumor originating from biliary epithelial cells (16) . As usually diagnosed at advanced stage, the prognosis of CCA is very poor. CCA is a heterogeneous tumor and the molecular mechanisms underlying the development of CCA are largely unknown. Since c-Myc is induced during cholestatic liver injury and CCA progression, and c-Myc knockdown inhibits the progression of CCA (17, 18) , it is important to uncover the detailed mechanism of c-Myc in CCA.
Owing to the critical role of c-Myc in cell proliferation regulation, we wonder whether c-Myc participates in the loss of contact inhibition of CCA cells. Here, we find that c-Myc sustains high protein levels in confluent human CCA cells, but not in human normal biliary epithelial cells. The inhibition of c-Myc restores contact inhibition of human CCA cells. Furthermore, we show that c-Myc promotes the loss of contact inhibition in human CCA cells through the mTOR pathway, and the deregulation of c-Myc is controlled by Yes-associated protein (YAP). Our findings indicate that c-Myc is an important promoter mediating the loss of contact inhibition in human CCA cells.
Materials and methods

Chemicals and antibodies. c-Myc inhibitor 10058-F4 (F4)
and YAP inhibitor verteporfin (VP) were purchased from Selleck Chemicals (Houston, TX, USA). mTOR inhibitor rapamycin was purchased from Tocris Bioscience (Bristol, UK). Antibodies against cyclin D1, p27, c-Myc, p-p70S6K, p70S6K, p-S6, p-YAP (ser127), YAP, p-Merlin and Merlin were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibody against GAPDH, human c-Myc siRNA and control siRNA were purchased from Santa Cruz Biotechnology (Heidelberg, Germany).
Cell culture. Human normal biliary epithelial cell line HIBEC and CCA cell lines QBC939 and RBE were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin in a humidified incubator containing 5% CO 2 and 95% ambient air at 37˚C. Cells were plated at different densities to achieve low (-50% confluent cells) and high (confluent cells) densities.
Western blot analysis. Cells were lysed in Triton lysis buffer (20 mM Tris, pH 7.4, 137 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 1 mM PMSF, 10 mM NaF, 5 mg/ml aprotinin, 20 mM leupeptin, and 1 mM sodium orthovanadate) and centrifuged at 12,000 g for 15 min. Protein concentrations were measured using the BCA assay. Protein samples were denatured with 4X SDS-loading buffer (200 mM Tris, pH 6.8, 8% SDS, 400 mM DTT, 0.4% bromphenol blue, 40% glycerol) at 100˚C for 5 min and subjected to standard SDS-PAGE and western blot analysis as previously described (19) . The proteins were electrolytically transferred to an NC membrane and blocked in TBST containing 5% non-fat milk at room temperature for 1 h. The membrane was incubated at 4˚C overnight with primary antibodies against cyclin D1 (1:1,000), p27 (1:1,000), c-Myc (1:1,000), p-p70S6K (1:1,000), p70S6K (1:1,000), p-S6 (1:1,000), p-YAP (ser127) (1:1,000), YAP (1:1,000), p-Merlin (1:1,000), Merlin (1:1,000) and GAPDH (1:200) . Then the membrane was incubated with secondary antibodies labeled with IRDye 700 (Rockland Immunochemicals, Gilbertsville, PA, USA). Protein levels were detected by the Odyssey system (LiCor, Lincoln, NE, USA).
Cell cycle analysis by flow cytometry. Cells were fixed overnight, resuspended in phosphate-buffered saline (PBS), and stained with propidium iodide in the dark for 30 min. The Statistical analysis. Results were expressed as the mean ± SD. Statistical analysis was performed using Student's t-test. P<0.05 was considered statistically significant.
Results
Human CCA cells are resistant to contact inhibition.
To determine the roles of cell density in the proliferation of normal biliary epithelial cells and CCA cells, we plated normal biliary epithelial cells HIBEC and CCA cells QBC939 and RBE at low density and high density. The flow cytometry data showed that contact-inhibited normal biliary epithelial cells HIBEC were arrested in G0/G1 phase (Fig. 1A) . It is notable that CCA cells QBC939 and RBE keep strong proliferation ability at high density (Fig. 1A ). These data indicated that CCA cells are resistant to contact inhibition. As cyclin D1, which is required for G1→S phase transition, is a key regulator of cell cycle progression (20), we checked the protein levels of cyclin D1 in HIBEC, QBC939 and RBE cells at low and high densities, respectively. Compared with low density, high density obviously decreased the protein level of cyclin D1 in HIBEC cells (Fig. 1B) . While, high density had no apparent effect on the protein levels of cyclin D1 in QBC939 and RBE cells (Fig. 1B) . p27, a marker of G0/G1 phase arrest, has been shown to play an important role in contact inhibition (21, 22) . Then, we assessed the protein levels of p27 in HIBEC, QBC939 and RBE cells at low and high densities. As shown in Fig. 1B , contact inhibition induced the expression of p27 in HIBEC cells. However, in QBC939 and RBE cells, there was no apparent difference of p27 protein levels between low and high densities. These data indicate that CCA cells are resistant to contact inhibition.
c-Myc contributes to contact inhibition loss in human CCA cells.
Since c-Myc is a crucial regulator for cell cycle, and its deregulation is implicated in CCA (23), we set out to investigate whether c-Myc is involved in contact inhibition resistance in CCA cells. We evaluated the protein levels of c-Myc in HIBEC, QBC939 and RBE cells at low and high densities. We found that c-Myc protein levels are clearly lower in confluent HIBEC cells as compared with low density HIBEC cells ( Fig. 2A) . However, there was no apparent difference in the protein levels of c-Myc between low and high densities in QBC939 and RBE cells ( Fig. 2A) . c-Myc protein maintained high levels in confluent QBC939 and RBE cells (Fig. 2A) . These data indicate that c-Myc may be an important promoter for CCA cells to escape contact inhibition. To determine whether c-Myc leads to contact inhibition resistance in CCA cells, confluent QBC939 and RBE cells were treated with c-Myc specific inhibitor 10058-F4. Our data are consistent with other studies that 10058-F4 effectively suppress the expression of c-Myc (Fig. 2B) . Furthermore, the data demonstrated that cyclin D1 clearly decreased upon 10058-F4 treatment in confluent QBC939 and RBE cells (Fig. 2B) .
We detected the cell cycle in confluent CCA cells after 10058-F4 treatment. The results showed that 10058-F4 treatment induced G0/G1 phase cell cycle arrest in confluent QBC939 and RBE cells (Fig. 3A) . To confirm the role of c-Myc in inhibiting contact inhibition, we used siRNA to knock-down the expression of c-Myc. As shown in Fig. 3B , c-Myc knockdown induced G0/G1 phase cell cycle arrest in confluent QBC939 and RBE cells. These data suggest that c-Myc is required for CCA cells to override contact inhibition.
The mTOR pathway is implicated in c-Myc-mediated contact inhibition loss in human CCA cells. How c-Myc induces contact inhibition loss in CCA cells was next investigated. It has been reported that the inactivation of mammalian target of rapamycin (mTOR) is implicated in cell contact inhibition (24) . We have previously reported that the mTOR pathway plays an important role in CCA cell growth and survival (25) . Here we wonder whether there is a link between c-Myc and mTOR in contact inhibition regulation in CCA cells. We investigated the activity of mTOR in HIBEC and CCA cells at different cell densities. The results showed the levels of phosphorated p70S6K and S6 ribosomal protein (S6), both are markers of the activity of mTOR, decreased obviously in confluent HIBEC cells. In contrast, there is no apparent decrease of phosphor-p70S6K and phosphor-S6 in confluent QBC939 and RBE cells (Fig. 4A) . In order to determine whether there is a link between c-Myc and mTOR in confluent CCA cells, we investigated the activity of mTOR in confluent CCA cells upon c-Myc inhibition. The results showed that inhibition of c-Myc by 10058-F4 significantly suppressed the phosphorylation of p70S6K and S6 in confluent QBC939 and RBE cells (Fig. 4B) . To further confirm the results, we used siRNA to knock down c-Myc expression. As shown in Fig. 4C , c-Myc knockdown suppressed the phosphorylation of p70S6K and S6 as well as the protein levels of cyclin D1 in confluent QBC939 and RBE cells. These data suggest that the mTOR pathway is involved in c-Myc-induced contact inhibition loss in CCA cells.
To confirm whether mTOR is required for the loss of contact inhibition in CCA cells, we detected cell cycle status in confluent CCA cells after mTOR inhibition. As shown in Fig. 5 , mTOR inhibitor rapamycin treatment induced G0/G1 arrest in confluent QBC939 and RBE cells. Together, these data indicate that c-Myc/mTOR deregulation plays a pivotal role in contact inhibition loss in CCA cells.
Deregulated c-Myc in confluent human CCA cells is regulated by YAP signaling.
Next, we investigated the underlying mechanism of c-Myc deregulation in confluent CCA cells. As Yes-associated protein (YAP) plays an important role in regulating cell contact inhibition and in cancer development (26, 27) . We tested whether YAP is involved in c-Myc-mediated contact inhibition loss in CCA cells. The levels of phospho-YAP and total YAP proteins at low and high densities in HIBEC, QBC939 and RBE cells were examined. The data showed that phospho-YAP (ser127), an inactive form of YAP, markedly increased in HIBEC cells at high density (Fig. 6A) , implying increased YAP protein was sequestrated in cytoplasm and was inactivated. In QBC939 and RBE cells, there was no apparent increase of the levels of phospho-YAP (ser127) at high density (Fig. 6A) , indicating YAP sustains high levels of activity in confluent CCA cells. To explore whether c-Myc is regulated by YAP, we detected c-Myc protein levels after YAP inhibition by a specific inhibitor verteporfin in CCA cells. As shown in Fig. 6B , the protein levels of c-Myc significantly decreased in confluent CCA cells upon verteporfin treatment. YAP inhibition decreased cyclin D1 in confluent CCA cells. These data demonstrate that YAP is involved in c-Myc-mediated contact inhibition loss in CCA cells.
As Merlin (also named neurofibromatosis type 2 gene, NF2) is a pivotal inhibitor of YAP (26, 28) , we investigated the activities of Merlin in HIBEC, QBC939 and RBE cells at low and high densities. The results showed that high density induced decrease of phosphor-Merlin in HIBEC cells (Fig. 6C) , indicating that the upregulation of Merlin activity is required for contact inhibition in normal biliary epithelial cells. It is notable that the levels of phosphor-Merlin increased in confluent QBC939 and RBE cells (Fig. 6C) , indicating that the activity of Merlin is downregulated in confluent CCA cells. Together, these data imply a potential role of Merlin/ YAP/c-Myc signaling axis for CCA cells to override contact inhibition.
Discussion
Strict control of normal tissue size is achieved by regulating cell numbers. In normal tissues, cell number is controlled by the mechanism known as cell contact inhibition. Contact inhibition is a crucial mechanism to regulate cell proliferation in vivo and in vitro. Loss of contact inhibition is a hallmark of most human cancer cells (4) . As a result, cancer cells can maintain the ability of proliferation upon reaching confluence. This criterion is also commonly used for cellular transformation in vitro (3) . Consistently, we found normal biliary epithelial cells that showed apparent growth suppression at high density, while the proliferation ability of CCA cells were not apparently affected by high density. Although some important players, such as the Hippo pathway, which mediate cell cycle arrest in contact inhibition have been identified (27) , the detailed molecular mechanisms mediating contact inhibition loss in cancer cells remain largely unknown.
Although the deregulation of c-Myc plays an important role in the pathogenesis of CCA (29), detailed mechanisms of how c-Myc promotes CCA remain largely unknown. Both normal biliary epithelial cells and human CCA cells showed strong expression of c-Myc at low density. Importantly, c-Myc clearly decreased in confluent normal biliary epithelial cells, but not in confluent CCA cells. As high density induced growth arrest of normal biliary epithelial cells, and CCA cells still sustained high ability of proliferation at high density, it is reasonable to suggest that c-Myc might be involved in contact inhibition loss in CCA cells. This speculation is supported by our data which demonstrated that the blockade of c-Myc by inhibitor 10058-F4 effectively restores contact inhibition in confluent CCA cells. Thus, c-Myc can help CCA cells to override cell-cell contact inhibition and promote the progress of CCA.
The mTOR pathway is a central pathway that regulates cell growth, survival and metabolism (30) . The mTOR pathway deregulation contributes to the development and progression of most human cancers (31) . Importantly, it has been reported that the deactivation of mTOR signaling is an important event for cell contact inhibition (24) . Consistently, our data show that the activity of mTOR decreased obviously in contact-inhibited normal biliary epithelial cells. We and others have previously found that the mTOR pathway is implicated in the carcinogenesis and progression of CCA and mTOR inhibition suppresses the growth of human CCA cells (25, 32) . Whether the implication of mTOR in CCA is associated with contact inhibition regulation has not been investigated. Here, our data show that CCA cells at low and high densities both display strong activity of mTOR. Based on the data that blocking mTOR by rapamycin initiated G0/G1 cell cycle arrest in confluent CCA cells, we suggest that mTOR promotes CCA cells to override contact inhibition. Importantly, we find that c-Myc suppression obviously decreased the activity of mTOR in confluent CCA cells. Thus, c-Myc promotes the loss of contact inhibition through the mTOR pathway in CCA cells. Further studies are needed to investigate the association between c-Myc and mTOR in CCA.
As the c-Myc protein decreased at confluence status in normal biliary epithelial cells but not in CCA cells, a major issue now is how c-Myc sustains high protein levels in confluent CCA cells. It has been widely reported that the oncoprotein YAP plays an essential role in cell contact inhibition and normal tissue growth control (26) . Accordantly, our data show that the activity of YAP is suppressed upon high density in normal biliary epithelial cells but not in CCA cells. To figure out whether the deregulated expression of c-Myc is associated with YAP in confluent CCA cells, YAP inhibitor verteporfin, a small molecule that inhibits TEAD-YAP association, was used in our studies. The results show that verteporfin effectively decreased the protein levels of c-Myc and cyclin D1 in confluent CCA cells. Our results are consistent with the findings by Turato et al which demonstrated that knockdown YAP by siRNA reduced c-Myc proteins (33) . These data demonstrated that the deregulated c-Myc in confluent CCA cells is regulated by YAP signaling. YAP is a central effector in the Hippo pathway, controlling cell-cell contact inhibition (27) . It is well known that Merlin is an upstream regulator of the Hippo pathway (27, 28) . Our data show that Merlin is involved in the deregulation of YAP in confluent CCA cells, and the deactivation of Merlin in confluent CCA cells plays an important role in YAP/c-Myc/mTOR signaling axis-mediated contact inhibition loss. It has been reported that Merlin-deficient nervous system tumors show loss of contact inhibition and activation of Wnt/β-catenin and its downstream c-Myc (34) . Further studies are needed to clarify whether Wnt signaling is implicated in the Merlin-YAP-c-Myc in our model, and to uncover the detailed mechanisms of Merlin deregulation in confluent CCA cells.
In conclusion, this study presents a new mechanism in which Merlin/YAP/c-Myc/mTOR signaling axis promotes human CCA cell proliferation by overriding contact inhibition. More detailed studies on the mechanism of Merlin aberrant inactivation and the link between c-Myc and mTOR in CCA cells will contribute to the understanding of molecular mechanism of cholangiocarcinogenesis and the development of new therapeutic strategies against CCA.
